Abstract-This
I. INTRODUCTION
Failure of a Current Transformer (CT) may cause incorrect current signals and lead to loss of supply. Therefore, it is important to detect early failures in CTs, so that they can be maintained or replaced. This in turn helps in saving the maintenance time and cost, and the overall reliability improvement of a power system.
Partial discharges (PD) are a major indication of the inception of insulation failure. They occur in the insulation systems and may have various natures and locations [1] . In addition to classical electrical measurement methods, PD is also accompanied by sound waves and electromagnetic waves at very high frequencies (300 MHz to 1500 MHz), this evoked nonconventional method like acoustic and ultra high frequency (UHF) to be employed for detection and localization. UHF technique has an advantage of increased PD detection and localization accuracy since the possibility of noise interference is almost eliminated. The challenges of PD detection circuits are the design of proper sensors (antennas) capable of signal detection in broadband range as well further signal interpretation. Thus, the platform is still inviting for researchers to devise novel techniques for the inspection of PD using UHF sensors as well as the choice of proper types and locations for those sensors for various apparatus.
Motivated by the success of the finite difference Time Domain (FDTD) technique for electromagnetic computation in many applications [2] , it is utilized in this work to simulate the electrical field which can be measured by sensors, when PD occurs inside transformers. The simulation of the electromagnetic wave propagation and its distribution intensity due a PD pulse incident at the centre of an insulated conductor is investigated.
II. CURRENT TRANSFOMER
A Current Transformer forms an important part of the power network to monitor load currents for protection and measurement purposes. The equipment requires insulation to isolate the high voltage windings from the low voltage windings. The insulation is used to withstand both the steady state and transient state. It gradually deteriorates due to thermal, mechanical, electrical, and environmental stresses [3] .
The structure of a CT has been chosen based on the design of a hairpin type current transformer [4, 5] . The standard design is a hermetically sealed expansion system with a nitrogen cushion compressed by thermal expansion of the oil. The cores and secondary windings are mounted in an aluminum tank. The insulator consists as standard of highgrade brown-glazed porcelain. The primary winding consists of one or more parallel conductors, which are insulated with a special paper which has high mechanical and dielectric strength, low dielectric losses and good resistance to ageing. The main part used for simulation focus on the high voltage terminal.
The space for simulation can be restricted by transformer tank as conducting boundary condition in isotropic media. To investigate the field inside and outside a transformer, a small part of the transformer tank placed in air is modeled like the situation in the real world. Meanwhile, the escaped energy of the waves and transients at different planes are observed. The most suitable places for positioning the sensor are discussed later in the paper.
FDTD technique is used in the EM computation of the field propagated in time and space at the desired locations of the transformer and discussed below.
III. FINITE DIFFERENCE TIME DOMAIN TECHNIQUE
The FDTD method utilizes the central difference approximation to discretize the two Maxwell's curl equations, namely, Faraday's and Ampere's laws, in both the time and spatial domains, and then solves the resulting equations numerically to derive the electric and magnetic field distributions at each time step using an explicit leapfrog scheme. The FDTD solution, thus derived, is second order accurate, and is stable if the time step satisfies the Courant condition. In Yee's scheme [6] , the computational domain is discretized by using a rectangular grid. The FDTD algorithm [7] constructs a solution to the following two Maxwell's curl equations:
Mur first-order absorbing boundary condition is used to truncate the tangential components of E at the boundary. In the other hand, the interfaces are handled carefully between different media in an inhomogeneous environment. A separate weighted average is taken in consideration respectively during the E-H fields calculations at these interfacing points [8] .
As per [9] , the initial rise-time of the current waveform produced by a PD is sufficiently high to cause the frequency spectrum to extend into the radio frequency region (30 KHz -300 GHz), which corresponds to the frequency of electrical signals normally used to produce and detect radio waves. As a consequence, a proportion of the PD energy is radiated into the free-space adjoining the site of the discharge. The electromagnetic radiation is related to the rate of change of current and the structure and connections of the radiated. For this reason PD can be detected using wideband radiometric antennas [10] , [11] . The challenges of PD detection circuits are the design of proper sensors (antennas) capable of signal detection in broadband range and the signal interpretation circuits [12] , [13] .
In this simulation a Gaussian current pulse is set at the Zdirectional as PD source given by [14] , [15] : In FDTD code each iteration includes additional operation for the computation of the new E field. PD current can be converted to the initial electric field in z direction by using (3). This approach has been validated for a cylindrical coordinate system and representing a soft type of source [16] .
IV. SIMULATION SPACE
The analysis of the electromagnetic field distribution relevant to a PD pulse within a current transformer has been conducted through an FDTD simulation. A simplified model, driven from the CT structure described above, is outlined in Fig 1. This model is composed of the inner conductor and a metal cap.
The simulated volume was 0.9x0.9x0.9.m box. A 5 mm rectangular mesh was applied, giving a total of 180 x 180 x 180 cells with absorbing boundaries condition. The time step was automatically set to be 9.6292 ps defined by the CLF stability criterion.
∆t ≤ ∆ c 3 (5)
The impulsive signals obtained are based around a 15.8 ns wave simulation, which roughly consumes 3 hours and 35 minutes on a computer with 2.21GHz processor Core 2 Duo with 3 GB RAM. Larger space and smaller mesh can be set up, resulting in more calculations and longer simulation time. However, the settings will be eventually subject to the capability of the computer and the number of bit handling capabilities of Matlab.
The simulation of CT housing is conducted. The dielectric medium inside the volume is air. The CT cap is modeled using a conducting tank with dimension 0.32 × 0.32 × 0.32 meters, which is in the centre of the simulation volume. The CT simulated is filled with mineral oil. Two holes of 0.02 × 0.02 meters are located along the x-axis on both sides of the CT tank through which a 0.4 m length bar simulating the insulator conductor in the CT housing. Table I lists the electrical properties of above simulated domain. Where ϵ r and δ are the relative permittivity and electrical conductivity respectively of a material. In the simulation, a current source oriented in the z-direction is used as a PD source, and is located at the centre of the tank and the conductor. The coordinate of the current source are (0.45m, 0.45m, and 0.45m).
V. SIMULATION RESULT AND DISCUSSION
Four different planes were investigated. Plane 1 is located on the centre of the y-z plane at x = 0.75 m, which is the nearest position to the end of the insulated conductor. Plane 2 are located at the centre of the x-z plane at y = 0.75 m. Plane 4 is located at x-z plane at y=0.45m.This equates to 0.3 m from the source point at either side in vertical plane except for Plane 4 which was at the centre of simulated volume. Fig 2 -8 show the field intensity distribution at these planes at different time instants.
It is well recognized by observing the distribution intensity of the radiation that the insulation, in the presence of a PD signal, deteriorates and allows the propagation of the wave. Its main function becomes corrupted and leads the CT to break down.
The Field components , were investigated at four different Positions. Position 1 is located in the centre of the y-z plane at x = 0.75 m, which is the nearest position to the end of the insulated conductor. Position 2 and 3 are located at the centre of the x-z plane at y = 0.15 m and y = 0.75 m. Position 4 is located at x-y plane at z=0.75m.This equates to 0.3 m from the source point at either side in vertical plane. Fig. 1 illustrates those positions, whose coordinates are listed in Table II . The electric filed components are monitored to see how each signal shape goes with time, analyze the magnitudes and dominant frequency to understand where to mount an external antenna making it most responsive to the polarised field. Fig. 9 to 11 shows the time wave form of the fields components E z , E y and E x respectively. At position 1, the nearest to the insulator conductor, all the fields were leading the other two positions in the term of detection. The amplitude of the E components at position 1 was the highest compared to the amplitude of the rest positions. The E fields detected at position 2 and 3 of each component were exactly similar in shape and amplitude. It is also quite notable that at position 1, the E fields components are all having the same shape. E z and E y were having the same amplitude compared to E x which was having the highest amplitude. At position 4, E z amplitude was the highest because the PD input signal was z-directed. Table III lists the maximum amplitude of electric fields at three positions.
The frequency spectrum of the E z component was investigated. Fig 12 shows the dominate frequency detected per position. The frequency of position 2 and 3 are superposed as these two positions are symmetrically located. Both enclose a dominant frequency of 106 GHz while at position 1 the dominant frequency was reading 112 GHz. At position 4, the dominant frequency was down to the half. It reads 50 GHz. The amplitude of the frequency was relatively detected high at position 1 which is nearest to the insulator compared to position 2 and 3. The amplitude of position 3 was the highest.
VI. CONCLUSION
An investigation into electromagnetic radiation of partial discharge has been performed incorporating simulation with FDTD Technique. The propagation waves are radiated outside of the CT mainly through the bar. It can be highly suggested that the sensor receiving the PD signal outside a CT should be mounted near the primary conductor for obtaining maximum signal amplitude which has in parallel the highest frequency component among the others.
Proposed future work for this study can include developing a more detailed model for the current transformer as well as the transfer function of the detectors antennas in the simulation algorithm. Moreover, the use of the Time Difference of Arrival (TDOA) approach for PD localization can be investigated.
